Comparison of flow rates measured from precordial dilution curves, simultaneous direct arterial dilution curves, and nearly simultaneous Fick determinations in 29 patients failed to indicate any difference in precision. Successive precordial determinations of flow rate were adequately reproducible. It is concluded that the precordial dilution method gives flow values comparable to those obtained by other, more laborious methods.
T HE feasibility of estimating cardiac output from precordial dilution curves obtained following the rapid intravenous injection of a radioactive material was first suggested by Prinzmetal and co-workers. 1 Subsequent studies by Shipley and associates 2 using scintillation equipment with a wide angle precordial detector gave estimates of blood flow approximately twice as great as those of conventional methods. Refinements in the technic by Veall 3 and Huff and coworker, 4 utilizing more extensive collimation of the detector head and positioning of the detector over the base of the heart, gave estimates of flow in dogs and in normal subjects which approximated those obtained by other methods.
The following study was undertaken to evaluate different scintillation equipment by comparing the precordial with direct arterial and Pick methods, and to extend the method to the study of patients with various cardiopulmonary disorders.
From the Chest Laboratory of the Department of Medicine, the University of Rochester School of Medicine and Dentistry, and the Medical Clinics of Strong Memorial and Rochester Municipal Hospitals, Rochester, X. Y.
Supported by a research grant-in-aid (H-222-C8) from the National Heart Institute of the National Institutes of Health; by a grant from the American Heart Association, and Cayuga County Heart Chapter; by a grant-in-aid from the Heart Committee of the Health Association of Rochester and Monroe County; and by the Helen W. Rivas Research Fund.
Received for publication January ]9, 1959.
METHODS
The apparatus consisted of a 13/4 inch (diameter) X 11/8 inch (depth) thalliated sodium iodide crystal coupled to a photoniultiplier tube, the signal of which was fed through a count rate computer 5 and recorded at two-second intervals on a 1 ma. direct writing recorder.t
The crystal detector was collimated with a cylinder of lead, 1 inch thick, 4 inches in length and having an aperture 2 inches in diameter. The detector field, evaluated by a point source in air, measured 2.8 inches in diameter at a distance of 3 inches from the end of the colliinator and 3.1 inches at a distance of 4 inches. These values included 74 per cent of the radiation at these distances. In a few instances, early in the study, we used higher degrees of collimation consisting of a lead cylinder 2 inches in length to which was attached a 2 inch cone of lead having an aperture of 0.5 inches. A field 1 inch in diameter, including 75 per cent of the radiation, was obtained at a distance of 4 inches. The greater degree of collimation required the use of approximately 5 to 7 times the amount of radioactive material and did not appear to improve the accuracy of the flow estimates. Therefore it was abandoned.
The peak counting rates obtained from the detector system ranged from 12,500 c.p.m. (counts per minute) to 100,000 c.p.m., but the majority ranged from 30,000 to 100,000 c.p.m. At a sampling interval of 2 sec, the latter peak values represented 1,000 to 3,000 actual counts. equation to include dilution curves having a double rise. It is thus assumed that at equilibrium the observed radiation intensity (representing concentration) is the sum of the components which had caused the double rise (i.e., those derived from the pulmonary artery and from the aorta).
The fall in intensity of radioactivity as the first passage of radioiodinated serum albumin 0 (RISA) leaves the proximal aorta is extrapolated toward zero on a semi-logarithmic paper and then replotted on a linear scale to approximate the total primary circulation curve. The area of the primary curve is determined by planimetric integration. Thus the average intensity of radioactivity and duration of the primary circulation may be determined. If the final concentration of the curve is determined at a time when RISA is uniformly mixed throughout the intravascular space, the average ijitensity during the curve compared to the intensity at equilibrium represents that portion of the blood volume which must have traversed the site of the detector during the primary circulation. If the total blood volume is known, the flow rate; per minute may be calculated according to the following relationships:
where CO. is cardiac output in liters per minute, B.V. is blood volume in liters, C e is concentration of isotope at equilibrium, C av is average concentration of isotope in primary circulation, t is time of primary circulation in seconds after extrapolation. The derivations of these relationships has been presented by Maclntyre and co-workers 5 and by Huff et al. 4 Patients were studied in the post-absorptive state at rest and in the supine position. In the majority of instances the flow rates were determined at the time of right heart catheterization under methyprylon (Xoludar) sedation. In the other instances catheterization was not performed and patients were studied after a 15 to 30 min. period of rest in the recumbent position. The detector was placed against the skin of the chest wall over the area of the aortic knob. The position of the latter was routinely determined fluoroscopically and the detector adjusted accordingly. Venipuncture was carried out in the right antecubital fossa, using a no. IS gage needle connected to a 3-way stopcock and a slow infusion of 5 per cent dextrose in distilled water. RISA diluted in physiologic saline solution was used in amounts of 6 to SO fie. and a volume of 3 to 6 ml./dose. The total amount employed was less than 160 /uc. for as many as three determinations of cardiac output.
'Abbott Laboratories, North Chieago, 111.
With the arm abducted and elevated, RISA was injected in approximately 1 sec. and followed by a free flow flush from the intravenous infusion. The curve of radioactivity was recorded until the initial curve had been inscribed and recirculation noted. A blood specimen was taken from a separate vein or artery 10 to 20 min. following the injection for blood volume determination. At the same time a recording from the precordium was made to determine the equilibrium value of radioactivity.
Estimation of total blood volume was carried out in the usual manner by comparing, in a well-type scintillation counter, the counting rate of an aliquot of blood obtained at equilibrium with that of an equal volume of a standard. Adsorption of the RISA was minimized by adding small amounts of human serum albumin to the volumetric flask used to prepare the standard. The amounts of material used for injection and for preparation of the standard were determined by weight before and after delivery.
Direct arterial dilution curves were obtained simultaneously from a brachial or femoral artery through a no. 18 gage needle connected to a short segment of polyethylene tubing. Samples were collected at 2 see. intervals and the counting rate of aliquots determined in a well-type scintillation counter.
Determinations of blood flow by the Fick method were carried out usually within 5 min. of the time of inscription of the precordial and arterial dilution curves. The teehnic of the former was summarized in a previous paper. 6 
RESULTS
Comparisons of the precordial method with the direct arterial and Fick methods are presented in table 1. In 44 instances in which the precordial and arterial methods could be compared, the mean precordial value was 3.53 L./min./M.
2 and the arterial value 3.46 L./min./M. 2 (standard error of the difference 0.08 based on the differences between the two methods in each instance). In 25 instances in which all the parameters could be compared, the mean values were 2.97, 2.91, and 3.01 L./min./M. 2 for the precordial, arterial, and Fick methods respectively, (standard error of the difference 0.07 based on the differences among the three methods in each instance). There was no evidence that the precision differed from one method to another. The standard deviation of a single determination by any of these methods was estimated to be ± 0.25 L./min./M. 2 As shown in table 2, duplicate precordial determinations did not differ any more than expected on the basis of the precision of the methods. The estimated standard deviation between duplicate determinations was ± 0.25 L./min./M.
1 ' Analysis of the precordial curves revealed that the area of the inscribed portion of the generally could be correlated with the degree of agreement of the precordial method with the direct arterial and Fick methods. "Within certain limits, the smaller the fraction of the total area of the precordial curve which was extrapolated, the better the correlation with the other methods.
Discussiox
The results obtained indicate that the precordial method for the continuous recording of radioindieator dilutiou curves give approx-imations of flow rates which compare reasonably well with more conventional methods of measurement in cardiac patients. The data reported here represent consecutive trials of the methods. Adequate precordial curves were obtained in all but one instance.
Our findings confirm and extend the observations of Huff and co-workers 4 who found good correlations of flow rates in 64 normal subjects by this technic when compared to measurements made by Fick determination. In addition, nearly simultaneous Fick and precordial cardiac output determinations in 7 patients and 22 dogs showed no significant differences. These findings were attributable to adequate collimation of the precordial detector and its positioning over the base of the heart. In this regard, our methods of study were quite similar.
In further support of the validity and applicability of this method is the report of Zipf and associates 7 who performed 198 cardiac output determinations in 100 healthy males, with results well within the range of average values obtained by other methods. The method in their hands was easily reproducible with a precision of approximately 6.0 per cent in the individual patient.
While the present study is in substantial agreement with those previously reported, it should be emphasized that the data for the most part pertained to patients with relatively normal or increased flow rates and did not include patients with severe congestive heart failure or combined valvular incompetence and heart failure. From the data reported by other workers utilizing indicatordilution methods, the results obtained from patients with congestive heart failure and/or valvular incompetence would be less uniform than those reported here.
The correlation of flow rates by precordial and direct arterial dilution curves and Fick method failed to reveal a systematic difference. Such differences might be expected to occur if the collimation or the position of the detector were such that the effective area and intensity of the radiation at equilibrium increased over that seen during the initial passage of the RISA through the circulation. Under such circumstances, the equilibium value would be increased and the estimates of cardiac output would be erroneously high. An opposite systematic error might be accounted for by a summation effect of the composite curve on the counting rate during the initial passage of the radioactive material. Both of these factors have been stressed by others. The precordial detection method appears to be reliable and adequately reproducible. Its application depends upon effective compromises among factors of detector sensitivity and positioning, dosage of radioactive material, collimation, and sampling rates. The major advantages to the method are its simplicity, the avoidance of arterial puncture, sampling and analysis, and its independence of arterial oxygen saturation.
While the use of precordially-detected dilution curves can never accurately measure actual cardiac flow, the errors introduced by changes in the effective geometry of the detector field due to coronarv blood flow and and the filling of superficial vessels in the chest wall seem to be of similar or lesser magnitude than the errors of more conventional technics. The principal disadvantage of the method is probably the limited applicability of flow rates in the presence of very prolonged circulation times and/or severe valvular incompetence. Under such circumstances, the composite nature of the precordial curve appears to be particularly unreliable. In this regard, multiple preeordial detector sites have been introduced to investigate the feasibility of quantitative estimation of valvular regurgitation and compartmentalization of the "central" blood volume. 11 
SUMMARY
Cardiac output was measured from precordial dilution curves obtained following the intravenous injection of EISA (radioiodinated serum albumin) in 29 patients with various cardiopulmonary disorders. Comparisons of flow values were made with simultaneously obtained direct arterial dilution curves in 44 instances and nearly simultaneous Fick method in 25 instances. There was no evidence that the precision of the methods differed. The standard deviation of a single determination by any of these methods was estimated to be ± 0.25 L./min./M. 2 
